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(57) A band-pass filter formed in an optical 
waveguide, provided with a diffraction grating structure 
having a of refractive index along the axial direction of 
the optical waveguide, the structure comprises two peri- 
odic refractive index change regions having periodes A 
different from each other; a zero refractive index change 
region disposed therebetween, having substantially a 
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constant refractive index; and boundary regions, dis- 
posed between the zero retractive index change region 
and the respective periodic refractive index change 
region in which the refractive index monotonously 
changes between n and n+ An. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to a band-pass filter using a diffraction gating formed in an optica! waveguide, and a 
method of making the same. 

10 Related Backgro und Art 

Optical fiber-gratings have been known as a device used in optical fiber communication systems. In an optical fber- 
grating, a light component having a specific wavelength is reflected according to a period between adjacent gratings, 
and light components having specific wavelengths are reflected according to respective periodes between other grat- 
15 ings. Accordingly, since light in a specific wavelength region can be effectively reflected, the optical fiber-grating has 
been used as a reflecting device. 

On the other hand, it has been known to combine optical fiber- gratings having different periods together so as to 
form a band-pass filter. An example of such a band-pass filter is disclosed in a paper titled "Fiber-grating transmission 
filters for use in an all-fiber demultiplexer" (OFC'94 Technical Digest: TuL6). It discloses a technique in which two pieces 
20 of optical fiber -gratings made of chirp gratings having different reflection wavelength regions are combined together, 
thereby transmitting therethrough light in a desired band of a specific wavelength region. 

SU MMARY OF T H E IN VEN T'QN 

25 This kind of band-pass fitter using chirp gratings, however, may yield a large amount of transmission loss in the 
transmission wavelength band, and it is difficult to narrow down its transmission wavelength band. Further, light reflec- 
tion may be also occur in a wavelength region outside of the range in which filtering is to be effected Accordingly, it is 
difficult for such a band-pass filter to accurately separate only a specific wavelength Irom a wide wavelength region. 
Therefore, it is an object of the present invention to provide a band-pass filter having a favorable transmission effi- 

30 ciency. and a method of making the same. 

In order to overcome the above-mentioned problem, the present invention provides a diffraction grating type band- 
pass fitter in which a diffraction grating area having a periodic refractive index change along an axial direction is formed 
within an optical waveguide and which is adjusted so as to transmit therethrough light in a predetermined wavelength 
band. The diffraction grating area comprises: first and second periodic refractive index variable areas in which refractive 

35 index is varied with a period monotonously changing along the axial direction with substantially a constant changing 
width of An so as to form a plurality of diffraction gratings such that the shortest period of one area is longer than the 
longest period of the other; a zero area which has substantially a constant refractive index and which is disposed 
between the first and second periodic refractive index variable areas; and first and second boundary areas which are 
respectively disposed therebetween and which have refractive indexes continuously and monotonously changing with 

40 a width of between An and 0. 

In a band-@ass filter in accordance with the present invention, the first periodic refractive index variable area in 
which the changing width of refractive index is constantly held at An, the first boundary area in which the changing width 
of refractive index monotonously decreases from An to 0, the zero area in which the refractive index is substantially con- 
stant, the second boundary area in which the changing width of refractive index monotonously increases from 0 to An, 

45 and the second periodic refractive index variable area in which the changing width of refractive index is constantly held 
at An are successively formed along the optical axis. Also, in the first and second periodic refractive index variable 
areas, a plurality of diffraction gratings having different periodes are arranged, while the shortest period of one area is 
made longer than the longest period of the other. Consequently, different wavelength bands of light are reflected by the 
first and second periodic refractive index variable areas so as to be blocked thereby. On the other hand, the zero area 

so disposed therebetween transmits light since there is no diffraction grating. As a consequence of such a configuration, 
the blocking wavelength band and transmission wavelength band are accurately defined. By contrast, when two peri- 
odic refractive index variable areas are prepared independently of each other, it is quite difficult to accurately def ine the 
range of transmission wavelength band. 

The boundary area formed between each periodic refractive index variable area and the zero area is effective in 

55 improving the transmission loss within the transmission wavelength band. It is due to the fact that, when the changing 
width of refractive index in the boundary area is rapidly changed from An to 0 or is repeatedly decreased or increased, 
the reflection caused by the diffraction grating becomes complicated, thereby enhancing the transmission loss within 
the transmission wavelength band In the present invention, such a complicated reflection would not occur, whereby the 
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transmission loss can be suppressed 

* Preferably, assuming that the length of each of the first and second boundary areas in their axial direction is L, the 
changing width of refractive index at a given position in the boundary area separated by a distance of x from a boundary 
position with respect to the zero area is expressed by An • f(x) using a given function f(x) which satisfies f(0) * 0 and 
f(l) = 1 . the function f(x) monotonously and smoothly increasing from x * 0 to L This configuration is effective in sup- 
pressing the above-mentioned transmission loss 

Further, this given function f(x) is preferably a function having an inflexion point within the range of UZ z x < I. When 
refractive index is changed in conformity to such a function, the changing width of refractive index mildly changes in the 
proximity of the boundary with respect to the zero area and the boundary with respect to each refractive index variable 
area. The inventors have confirmed that, as this given function f(x). f(x)=cos*{n(L x)/2L) is preferable. 

Also, outside the first and second periodic refractive index variable areas, first and second end areas in which the 
changing width of refractive index monotonously changes between An and 0 may further be provided, respectively. It is 
assumed that, when the areas outside of the periodic refractive index variable areas are thus formed, reflections gen- 
erated by combinations of the respective gratings forming the periodic refractive index variable areas and end areas 
cancel each other, thereby decreasing the reflection power generated outside the band. 

For forming such a blocking characteristic, assuming that a rate by which Bragg wavelength, determined by a 
period of the diffraction grating, changes per unit axial length is AP (nnVmm), and that the amplitude of a periodic refrac- 
tive index variable area is An, it has been found that the blocking ratio (ratio of transmitted power to incident power) in 
the refractive index variable area is obtained by satisfying the following expression. 

-3 67x (An) 2 x 1 0 8 /AP £-1 0(dB) 

On the other hand, the present invention provides a method of making a diffraction grating type band-pass filter, 
comprising the step of forming a diffraction grating by projecting ultraviolet light by way of a phase mask having a pre- 
determined form onto a ultraviolet-sensitive optical waveguide so as to cast an interference fringe thereon, in which the 
interference fringe is projected by irradiating a ultraviolet beam while scanning it along an optical axis of the optical 
waveguide; the scanning being effected at a constant speed of vt in a first area, with a speed monotonously accelerat- 
ing from v t to v 2 in a second area continuous with the first area, at a constant speed of v 2 in a third area continuous 
with the second area, with a speed monotonously decelerating from v 2 to v, in a fourth area continuous with the third 
area, and again at the constant speed of in a fifth area continuous with the fourth area. 

When ultraviolet light irradiates a ultraviolet-sensitive optical waveguide, its refractive index can be changed 
according to the quantity of irradiated light. There has been known a method in which, by casting an interference fringe, 
the quantity of irradiated ultraviolet light is changed depending on places, so as to change refractive index locally, 
thereby forming a diffraction grating. In the method of the present invention, the scanning speed upon irradiating the 
ultraviolet beam is changed so as to control the quantity of irradiated light. As a consequence, the diffraction type band- 
pass filter in accordance with the present invention can be made easily. 

Scanning may further be carried out such as to monotonously decelerate from a predetermined speed v 3 to in 
an area precedent to the first area, and monotonously accelerate from v^ to v 3 in an area subsequent to the fifth area 

In this case, a diffraction grating type band -pass filter comprising end areas on both side of the above-mentioned 
refractive index variable areas can be obtained 

Upon acceleration and deceleration in the scanning, the scanning speed may be accelerated and decelerated in 
conformity to a cos function, respectively. As a consequence, the changing width of refractive index can be controlled 
according to the scanning speed. 

Further, scanning may be carried out such that, while a spectral characteristic of light transmitted through the opti- 
cal waveguide is monitored, subsequent to a first uttraviolet beam scanning operation, a second or later ultraviolet beam 
scanning operation is effected at each point with a scanning speed obtained when a scanning speed at this point upon 
the previous scanning operation is multiplied by a predetermined coefficient, and the scanning is terminated at a point 
of time when the spectral characteristic of the transmitted light reaches a desired spectral characteristic. 

In this case, a diffraction grating type band pass filter having a desired spectral characteristic can be obtained eas- 
ily and securely 

The present invention will be more fully understood from the detailed description given hereinbeiow and the accom- 
panying drawings, which are given by way of illustration only and are not to be considered as limiting the present inven- 
tion. 

Further scope of applicability of the present invention will become apparent from the detailed description given 
hereinafter. However, it should be understood that the detailed description and specific examples, while indicating pre- 
ferred embodiments of the invention, are given by way of illustration only, since various changes and modifications 
within the spirit and scope of the invention will be apparent to those skilled in the art from this detailed description. 
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BRIEF DESCRIPTION OF THE p RAWfNQg 

Fig. 1 is a view showing the configuration of a diffraction grating typ band-pass filter in accordance with a first 
embodiment of the present invention; 
5 Fig. 2 is a partly enlarged view showing a refractive index distribution of the diffraction grating type band-pass filter 

shown in Fig. 1 ; 

Fig 3 is a schematic view showing wavelength characteristics of transmission and reflection powers in the first 
embodiment; 

Fig 4 is a view showing a system for making the diffraction grating type band-pass filter in accordance with the 
10 present invention; 

Fig. 5A is a view showing a phase pattern of a phase grating used for making the first embodiment, whereas Fig. 
5B is a view showing a refractive index profile of the filter made thereby; 

Fig. 6 is a partly enlarged view showing a refractive index distribution in a modified example of the first embodiment; 
Fig. 7A is a view showing a refractive index profile in the first embodiment, whereas Fig. 7B is a graph showing 
is wavelength characteristics of transmission and reflection thereof; 

Fig. 8 is a view showing a refractive index profile in another modified example of the first embodiment; 
Fig. 9 is a view showing transmission and reflection characteristics of Example A made such as to have the refrac- 
tive index profile shown in Fig. 8; 

Fig 1 0 is a view showing transmission and reflection characteristics of Example B made such as to have the refrac- 
20 tive index profile shown in Fig. 8; 

Fig. 1 1 A is a view showing a refractive index profile of still another modified example of the first embodiment. Fig 
11 B is an enlarged view thereof, and Fig. 11C is a graph showing wavelength characteristics of transmission and 
reflection thereof; 

Fig. 12 is a view showing examples in which the refractive index modulation amplitude in boundary areas and its 
25 gradient are changed by use of cos exponential functions; 

Fig. 13 is a view showing a transmission wavelength characteristic of a transmission region in a band-pass filter of 
the present invention in which the refractive index modulation amplitude in boundary areas is changed in conformity 
to Fig. 12, 

Fig. 14 is a view showing a transmission wavelength characteristic of a transmission region in a band-pass filter of 
30 the present invention in which the refractive index modulation amplitude in boundary areas is changed by use of a 
cubic function; 

Fig. 15 is a view showing a transmission wavelength characteristic of a transmission region in a band-pass filter of 
the present invention in which the refractive index modulation amplitude in boundary areas is changed by use of 
quadratic functions; 

3s Fig. 16 is a graph showing a relationship between An of the diffraction grating type band-pass filter in accordance 
with the first embodiment and its blocking ratio; 

Fig. 1 7 is a graph showing a relationship between (an) 2 MP of the diffraction grating type band-pass filter in accord- 
ance with the first embodiment and its blocking ratio; 

Fig. 18A is a view showing a refractive index profile of the diffraction grating type band-pass filter in a second 
40 embodiment in accordance with the present invention, whereas Fig. 1 8B is a graph showing wavelength character- 
istics of transmission and reflection thereof; 

Fig. 19A is a view showing a refractive index profile of the diffraction grating type band-pass filter in a modified 
example of the second embodiment, whereas Fig 19B is a graph showing wavelength characteristics of transmis- 
sion and reflection thereof; 

45 Fig. 20A is a view showing a phase pattern of a phase grating used for making the second embodiment, whereas 
Fig. 20B is a view showing a refractive index profile of the filter made thereby; 

Fig. 21 is a view showing a refractive index profile in another modified example of the second embodiment; 
Fig. 22 is a view showing transmission and reflection characteristics of Example A made such as to have the refrac- 
tive index profile shown in Fig. 21 ; 
so Fig. 23 is a view showing transmission and reflection characteristics of Example B made such as to have the refrac- 
tive index profile shown in Fig. 21 ; 

Fig. 24 is a view showing a refractive index profile in still another modified example of the second embodiment; 
Fig 25 is a view showing transmission and reflection characteristics of Example A made such as to have the refrac- 
tive index profile shown in Fig 24; and 
55 Fig. 26 is a view showing transmission and reflection characteristics of Example B made such as to have the refrac- 
tive index profile shown in Fig. 24. 
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DETAlLEp D ESCRIPTION OF THE PREFERRED EMBODIMENTS 



In the following, embodiments of the present invention will be explained in detail with reference to the accompany- 
ing drawings. Among the drawings, constituents identical to each other will be referred to with numerals or I tters iden- 

5 tica! to each other without repeating their overlapping explanations. 

Referring to Figs. 1 to 3, the configuration of a first embodiment of the diffraction grating type band-pass filter in 
accordance with the present invention will be explained. Fig. 1 is an overall view showing the configuration of this 
embodiment, whereas Fig. 2 is a view showing the refractive index distribution in Fig. 1 under magnification. 

In Figs 1 and 2, a diffraction grating type band-pass fitter 7 formed in an optical waveguide 10 has a plurality of 

to diffraction gratings 4 which are formed by periodically changing the refractive index of a core 1 in a section extending 
from a first end P to a second end Q of the optical waveguide 10. The period a of these diffraction gratings 4 basically 
monotonously increases in the axial direction, i.e., from P to Q. while An which is the changing width of refractive index 
is held substantially constant, whereby periodic refractive index variable areas 5 (5 S , 5 L ) are formed on the sides of both 
ends P, Q. Namely, the periodic refractive index variable area 5 S having relatively short periodes A is disposed on the 

is first end P side, whereas the periodic refractive index variable area 5l having relatively long periodes A is disposed on 
the second end O side, the shortest period in the area 5 L being set longer than the longest period in the area 5 S At the 
intermediate area between these two periodic refractive index variable areas 5, there is a zero area 3 having substan- 
tially a constant refractive index. Disposed between the zero area 3 and the respective periodic refractive index variable 
areas 5 S , 5 L are boundary areas 6 S . 6 L in which the changing width of refractive index monotonously changes between 

20 An and 0. 

In the periodic refractive index variable areas 5 of such a diffraction grating type band-pass fitter 7, in a diffraction 
grating 4 having an average refractive index of r\> and a period of A in the core 1 , reflection with a reflection wavelength 
of X « 2n 0 A occurs according to Bragg's diffraction condition. Here, within the periodic refractive index variable areas 
5 ( since they are configured such that the period a changes along their axis, wavelengths of light are respectively 
25 reflected according to thus formed various periodes, thereby forming a reflection area for reflecting a specific wave- 
length range of light. 

Fig. 3 is a schematic view showing wavelength characteristics of transmission and reflection of the diffraction grat- 
ing type band-pass fitter 7, In this drawing a solid line represents a transmission power distribution and a dot line rep- 
resents a reflection power distribution. In the periodic refractive index variable area 5 L formed with a diffraction grating 
30 group having a relatively long period and in the periodic refractive index variable area 5$ formed with a diffraction grat- 
ing group having a relatively short period, as light components having wavelengths corresponding to the periodes of 
their diffraction gratings are reflected, wavelength regions B L , B s of light are reflected, respectively. These wavelength 
regions will be referred to as blocking wavelength regions in the following. In the zero area 3, by contrast, since it has a 
constant refractive index and is not provided with the diffraction grating 4, no reflection occurs. Accordingly, the diffrac- 
ts tion grating type band-pass fitter 7 transmits therethrough the tight component corresponding to the wavelength band A 
between the blocking wavelength regions B L and B s . This wavelength band wi(i be referred to as transmission wave- 
length region in the following. Similarly, no reflection occurs in a region C L having a wavelength longer than the blocking 
wavelength region B L and a region C s having a wavelength shorter than the blocking wavelength region B s . whereby 
light of these wavelength regions of light is transmitted. 
40 The periodic refractive index variable areas 5 are formed when an optical waveguide having a photosensitive core 
made of a silica glass doped with germanium or the like is irradiated with coherent ultraviolet light For providing the 
coherent light, two-beam interference method or phase mask method is mainly used. The two-beam interference 
method is advantageous in that any period of grating can be made by controlling the angle of interference of two ultra- 
violet beams. In the phase mask method, since a pattern (period) of a phase grating is transcribed onto the optical 
45 waveguide, the periodic refractive index variable areas 5 can be made with a high reproducibility by forming the phase 
grating pattern such that the grating period changes along the axis of the optical waveguide. 

In order to form the zero area 3 in which the changing width An of refractive index becomes substantially zero, when 
making a series of periodic refractive index variable areas 5 by irradiating ultraviolet light, there may be employed a 
technique in which a light-shielding mask for Wocking the ultraviolet light is applied to the zero area 3 or a technique in 
so which an intermediate part of the phase grating is provided with a light-shielding portion beforehand 

Fig. 4 is a view showing an apparatus for making the diffraction grating type band-pass filter 7 shown in Fig. 1 . This 
apparatus comprises a phase grating 1 1 for projecting a pattern of a diffraction grating having a desired filter character- 
istic onto an optical fiber to to be irradiated with light, a light source 12 for ultraviolet light which becomes irradiation 
light, a total reflection mirror 13, a movable stage 14 adapted to hold the total reflection mirror 13 and move it in the axial 
55 direction of the optical waveguide 10, and a computer 15 for controlling the moving speed of the movable stage 14 in 
this apparatus, the ultraviolet light emitted from the light source 12 is reflected by the total reflection mirror 13. so as to 
irradiate a specific position of the phase grating 1 1 , whereby only the interference fringe in this part is projected onto 
the optical waveguide 10 Here, as the computer 15 is used for controlling the moving speed of the movable stage 14, 
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the ultraviolet irradiation time for the optica) waveguide 10 can be controlled. Since the change in refractive index of a 
photosensitive core corresponds to the ultraviolet irradiation time, the induced refractive index change can be made 
greater as the ultraviolet irradiation time is longer. When the phase grating 10 is used together, the changing width of 
refractive index can further be made greater as the ultraviolet irradiation time is longer. Accordingly, the boundary areas 

5 6, in which the changing width of refractive index monotonously changes between An and 0, can be formed easily by 
changing the ultraviolet irradiation time in the boundary areas 6 in its axial direction. For the zero area 3, substantially 
no change in refractive index would be formed when the ultraviolet light is scanned at a high speed. 

Fig. 5A is a view showing an example of grating pattern in the phase grating 1 1 used in the apparatus shown in Fig 
4 By use of the interference fringe caused by the diffraction grating 1 1, a refractive index modulation pattern such as 

10 that shown in Fig 5B can be formed in the optical waveguide 10. 

Fig. 6 is a view showing a refractive index distribution of a band -pass filter in accordance with a modified example 
of this embodiment, in which the refractive index of the zero area 3 does not coincide with the refractive index n of the 
core. The embodiment shown in Fig. 2 differs therefrom in that the refractive index of the zero area 3 coincides with the 
refractive index n of the core. The case where the refractive index of the zero area 3 coincides with the average refrac- 

15 tive index n 0 is advantageous in that the reflection characteristic of the filter becomes stable since the average refractive 
index no would not change even when the intervals between the zero area 3 and the periodic refractive index variable 
areas 5 are modified. 

In the following, effects of providing the boundary areas 6 between the zero area 3 and the periodic refractive index 
variable areas 5 S . 5 L will be experimentally studied. 

20 Fig 7 A is a view showing a refractive index profile of a band-pass filter in this embodiment, whereas Fig. 7B is a 
graph showing wavelength characteristics of its transmission and reflection. Specifically, Fig. 7A is a view showing a 
refractive index profile of a band- pass filter in which boundary areas 6, whose changing width of refractive index monot- 
onously changes between An and 0, are formed between the zero area 3 and the periodic refractive index variable 
areas 5. In each boundary area 6, the changing width of refractive index linearly changes between An and Q along an 

25 angle of inclination e with respect to the optical axis, and the length of its tilted part in the optical axis direction is 1 .5 
mm. The band-pass filter 7 has a length of 30 mm, the chirp ratio in the periodic refractive index variable areas 5 and 
boundary areas 6 is 1.87 nm/mm; and Bragg wavelengths at the first and second ends are 1,604 nm and 1,660 nm, 
respectively. Here, "chirp ratio" refers to amount of change in Bragg wavelength per unit optical axis length (nm/mm). 
Also, the changing width An of refractive index is 5 x 10' 3 . The profile at each end portion changes from An to 0 in a 

30 stepwise fashion. Fig. 7B is a graph showing wavelength characteristics of transmission and reflection of the band-pass 
filter 7 having the refractive index profile shown in Fig. 7A. 

When the boundary areas 6 disposed between the zero area 3 and the periodic refractive index variable areas 5 
are formed with a monotonously changing refractive index profile, the transmission and reflection characteristics would 
be improved such that, as shown in Fig. 7B. the loss in the transmission region A decreases to 0.1 dB, which is allow- 

35 able for a filter. The reflection power of the out-band regions C L , C s . however, may not decrease sufficiently (which will 
be explained later in detail) 

Also, the inventors have studied transmission loss yielded when the angle of inclination e in the boundary areas 6 
is changed in the variable refractive index profile of the band-pass filter shown in Fig. 7A. As a result, it has been found 
that transmission loss is maximized when the refractive index profile of the boundary areas 6 is changed from An to 0 
40 or vice versa in a stepwise fashion, whereas it decreases as the angle of inclination 6 is made smaller. Therefore, it is 
necessary for the tiKed part to be formed with at least one grating 4. It is assumed that, when the variable refractive 
index is rapidly changed from An to 0 or is repeatedly decreased or increased, reflections caused by the gratings 4 form- 
ing the chirp grating 5 become complicated, thereby enhancing the transmission loss within the transmission wave- 
length band A. 

45 While the method explained with reference to Figs. 4 t 5A, and 5B can be employed in order to make these band- 
pass filters, a specific method thereof will now be explained. Making of a band-pass filter with a refractive index profile 
shown in Fig. 8 will be exemplified. Here, the periodic refractive index variable areas 5 respectively disposed on both 
sides each have a length of 12.7 mm, the boundary areas 6 continuous therewith each have a length of 1 .5 mm, and 
the zero area 3 disposed at the center has a length of 1 .6 mm. The apparatus shown in Fig. 4 was used for irradiating 

so ultraviolet light while scanning it in the axial direction. Two band-pass filters were prepared with different irradiation 
speeds for their individual areas, and their transmission and reflection characteristics were compared with each other. 
Table 1 shows ultraviolet scanning speeds in the respective cases 
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TABLE 1 





SCANNING SPEED OF 
ZERO AREA 


SCANNING SPEED OF 
PERIODIC REFRACTIVE 
INDEX VARIABLE AREA 


EXAMPLE A 


3mm/sec 


0.5mm/min 


EXAMPLE B 


1 st 


3 mm/sec 


0.5mm/min 




0.6mm/sec 


0.1mm/min 


3 <d 


0.24mm/sec 


0. 04 mm/mi n 



js in Example B, irradiation was effected three times with different scanning speeds. Within the boundary areas 6, the 
scanning speed was linearly changed between that of the zero area 3 and that of the refractive index variable areas 5. 
Figs. 9 and 10 show the reflection and transmission characteristics of Examples A and B, respectively. 

It can be seen that, as the ultraviolet light is repeatedly irradiated, the irradiation time becomes longer, thereby 
improving the reflection characteristic in the refractive index variable areas. As irradiation is repeated while these spec- 

20 tral characteristics are monitored, a filter having a predetermined reflection characteristic can be made easily. 

Fig. 1 1 A is a view showing a refractive index profile of a band-pass fitter in this embodiment in the case where the 
fluctuation in refractive index in the boundary areas changes along a predetermined curve; Fig. 11 B is an enlarged view 
showing the proximity of the boundary areas; and Fig. 11 C is a graph showing wavelength characteristics of its trans- 
mission and reflection. 

25 Specifically, Fig. 1 1 A is a view showing the amount of change in refractive index in the case where, assuming that 
the length of each boundary area 6 is L, a given position in the axial direction is x from the origin located at the interface 
between the boundary area 6 and the zero area 3. i.e., position from which refractive index begins increasing, and the 
changing width of refractive index in the periodic refractive index variable area 5 continuos with the boundary area 6 is 
An, the changing width of refractive index in the boundary area 6 is changed in conformity to: 

30 

An- cos 2 (n(L-x)feL) (1) | 

whereas Fig. 1 1B is an enlarged view of the amount of change in refractive index in the zero area 3 and the boundary 
areas 6 sandwiching it therebetween. The refractive index profile at each end of the fitter is changed from An to 0 in a 
stepwise fashion. 

The band-pass filter 7 has a length of 30 mm; the chirp ratio in the periodic refractive index variable areas 5 and 
boundary areas 6 is 1.87 nm/mm; and Bragg wavelengths at the first and second ends are 1.604 nm and 1.660 nm. 
respectively The changing width An of refractive index is 5 x 10" 3 . The length L of each boundary area 6 in the optical 
axis direction is 15 mm. 

As shown in Fig. 11 C, the transmission and reflection wavelength characteristics of the band-pass filter 7 having 
such a refractive index prof ile are improved such that the loss in the transmission region A decreases to 0.02 dB, which 
is sufficiently allowable for a filter. By contrast, as mentioned above, the reflection power in the outside areas C L . C s 
may not decrease sufficiently. 

Various kinds of functions can be used as the function for defining the fluctuation in refractive index of the boundary 
areas in this embodiment For example, the changing width of refractive index in the boundary areas can be changed 
with respect to a predetermined constant a in conformity to: 

An-IcostnfL-xJ^L)] 11 (2) 

so Fig 12 shows how the refractive index changing amplitude and gradient (changing rate) of amplitude width in the 
boundary areas would change when a varies among 1.5, 2, 3, and 4. Fig 13 is a view showing a transmission charac- 
teristic when the changing width of refractive index in the boundary areas is changed in conformity to these functions. 
It can be seen that, as a increases, the part having a high transmissivity expands, while the transmissivity at the bound- 
aries of the transmission region acutely changes, thereby improving the filtering performance. 

55 Fig. 14 shows, by comparison with transmission characteristic of the case where the changing width of refractive 
index in the boundary areas is changed in conformity to expression (2), the transmission characteristic of the case 
where their changing width of refractive index is changed by use of a cubic function in conformity to: 
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An{-2(x/Ly+3(x/L) 2 \ (3) 

This case also yields effects similar to those obtained when the refractive index is changed in conformity to cos 2 func- 
tions 

Further, the changing width of refractive index in the boundary areas may be changed in conformity to a combina- 
tion of two quadratic functions: 

An.L/ Xo ( x /L) 2 0<x<X 0 
An-{(x'L) 2 /[L{ Xo -L)hl} Xo *x<L 

Here, Xq indicates the position of a given inflexion point. Rg. 15 shows transmission characteristics in the cases where 
xo/L is changed among 0 4, 0.5, and 0.6. It can be seen that, as the inflexion point is farther distanced from the zero 
area, the transmission region expands, and the transmissivity at the boundaries of the transmission regions acutely 
changes. 

From these results, it has been found that, the changing width of refractive index in the boundary areas is preferably 
monotonously increased from the zero area to their corresponding periodic refractive index variable areas, and the 
function defining this changing width is more preferably a function having an inflexion point at a position separated from 
the zero area by more than U2 which is hatf the width L of each boundary area. It is presumed to be because of the fact 
that unnecessary reflection in the proximity of the zero area can be prevented from occurring when the changing width 
is defined by such a function. 

In the following, blocking characteristics of the blocking wavelength regions B Ll B s in this diffraction grating type 
band -pass filter will be explained in detail. 

One of important requirements in a band-pass filter is that transmitted light in the blocking wavelength regions B L , 
B s has a low power. In the band-pass filter 7 employing the diffraction grating 4, such as that in this embodiment, the 
power of fight reflected by the diffraction grating is determined by the changing width An of refractive index in the peri- 
odic refractive index variable areas 5 and the chirp ratioAP that is a ratio (nm/mm) by which the Bragg wavelength 
changes per unit optical axis length. Namely, when the changing width An of refractive index is too small, the power 
reflected according to the period of each grating becomes small, whereby light cannot be blocked sufficiently. When the 
chirp ratio is too high, on the other hand, the gap between adjacent Bragg wavelengths becomes greater, thus failing to 
sufficiently reflect a light component having a wavelength corresponding to that therebetween. 

Therefore, the inventors have experimentally studied the relationship between the ratio of transmitted power to inci- 
dent power in the blocking wavelength region (referred to as "blocking ratio") and the changing width An of refractive 
index, using the chirp ratio AP as a parameter. Fig. 16 shows the results thereof. Namely. Fig. 16 is a graph showing 
the relationship between the changing width An of refractive index and the blocking ratio, using the chirp ratio aP as a 
parameter. As can be seen from this drawing, the blocking ratio becomes greater as the chirp ratio is smaller, and as 
the changing width An of refractive is made greater thereby enhancing the Bragg reflection. It seems to be the first 
attempt to thus obtain a desired blocking ratio by use of the changing width An of refractive index and the chirp ratio aP 

When the blocking ratio and (An) 2 /AP shown in Fig. 16 are plotted on a predetermined graph, they are displayed 
linearly as shown in Fig. 17. Accordingly, the blocking ratio of the band-pass filter 7 in this embodiment is expressed by: 

blocking ratio «-3.67x(An) 2 x10 6 /aP 

Usually, in the blocking region of a band-pass filter, the blocking ratio is preferably not greater than *10 dB. In order 
to obtain such a blocking characteristic, from the above-mentioned expression, a relationship of 

-3.67x<An) 2 x10 6 /AP<M0(dB) 

is obtained. The band-pass filter 7 having a favorable blocking characteristic can be formed when An and AP are 
selected so as to satisfy this expression. 

In the following, reflection loss in the out-band regions C L , C s in this diffraction grating type band-pass filter will be 
explained Since there are cases where signal light in the out-band regions C L , C s in this diffraction grating type band- 
pass filter is used in an optical transmission line utilizing the diffraction grating type band-pass filter, one of requirements 
imposed on the band-pass filter is to prevent unnecessary light from being reflected in these out-band regions. 

Fig. 18A is a view showing a refractive index profile of a band-pass filter in accordance with the second embodi- 
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mem of the present invention, whereas Fig. 18B is a graph showing wavelength characteristics of its transmission and 
reflection 

As shown in Fig 18A, this embodiment has end areas 8, respectively disposed at the first and second ends of the 
optical waveguide, in which the changing width of refractive index monotonously changes between An and zero. Also, 

5 each boundary area 6 has a refractive index profile which changes between An and zero along a constant angle of incli- 
nation with respect to the optica/ axis, and its length in the optical axis direction is 1 .5 mm. The band-pass filter 7 has 
an overall length of 30 mm; the chirp ratio in the periodic refractive index variable areas 5 and boundary areas 6 is 1 .87 
nrn/mm, and Bragg wavelengths at the first and second ends are 1 ,604 nm and 1,660 nm, respectively. The changing 
width An of refractive index is 5 x 10" 3 . 

10 The reflection characteristic of the band-pass filter in this embodiment shown in Fig. 18B indicates that the reflec- 
tion power of the out-band regions Ci_. C$ rapidly decreases as their wavelengths differ from those of the blocking wave- 
length regions B L , B$ repectiveiy. ft is presumed that, when the end areas 8 in which the changing width of refractive 
index monotonously changes between An and 0 are thus provided, reflections generated by combinations of the 
respective gratings 4 forming the periodic refractive index variable areas 5 and end areas 8 cancel each other, thereby 

is decreasing the reflection light generated outside the band and its power. Accordingly, the band-pass filter 7 of this 
embodiment can lower the power of reflected light which may interfere with and affect other signal light components 
transmitting the out-band regions C L , C s 

Meanwhile, Fig. 19A '« a view showing a refractive index profile of a band-pass filter having substantially the sam 
configuration as that shown in Fig. 18A except that it does not comprise the end areas 8. The transmission and reflec- 

20 tion characteristics of the band-pass filter 7 having such a refractive index profile are improved such that the loss in the 
transmission region A decreases to 0.1 dB as shown in Fig. 19B. Since the refractive index at both end portions of the 
periodic refractive index variabfe areas 5 changes in a stepwise fashion, however, reflection power remains in the out- 
band regions C L , C s . whereby the quantity of reflected tight cannot be reduced to such an extent that they do not affect 
other signal light components transmitting these regions. 

25 In order to make the band-pass filter of this embodiment, a phase mask having a grating pattern shown in Fig. 20A 
may be used in a manufacturing system shown in Fig. 4. As a consequence, a refractive index modulation pattern 
shown in Fig. 20B can be formed on a photosensitive optical waveguide. 

A specific manufacturing method will now be explained. The case where a band-pass filter having a refractive index 
profile shown in Fig 21 will be exemplified. Here, the periodic refractive index variable areas 5 respectively disposed at 

30 both ends each have a length of 11.2 mm, the boundary areas 6 continuous therewith each have a length of 1 .5 mm, 
the zero area 3 disposed at the center has a length of 1 .6 mm, and the end areas 8 each have a length of 1 .5 mm. The 
apparatus shown in Fig. 4 was used for irradiating ultraviolet light while scanning H in the axial direction. Two band-pass 
filters were prepared with different irradiation speeds for their individual areas, and their transmission and reflection 
characteristics were compared with each other. The scanning speeds in the zero area 3 and refractive index variable 

35 areas 5 were identical to those in the examples listed in the above-mentioned Table 1 , whereas the scanning speeds in 
the boundary areas 6 and end areas 8 were linearly changed between the scanning speed in the zero area 3 and the 
scanning speed in the refractive index variable areas 5. Figs. 22 and 23 show the transmission and reflection charac- 
teristics of Examples A and B, respectively. 

It can be seen that, as the ultraviolet light is repeatedly irradiated, the irradiation time becomes longer, thereby 

40 improving the reflection characteristic in the refractive index variable areas. As irradiation is repeated while these spec- 
tra! characteristics are monitored, a filter having a predetermined reflection characteristic can be made easily. 

The scanning speed in the boundary areas 6 and end areas 8 may be changed not only linearly, but also monoto- 
nously by use of a predetermined function. Fig. 24 shows a refractive index in which the scanning speed in these areas 
is changed by use of a cos 2 function Figs 25 and 26 show the transmission and reflection characteristics of Examples 

45 A and B ( respectively As compared with the cases shown in Figs. 22 and 23 where the scanning speed is linearly 
changed, it has been confirmed that changes in transmissivity and reflectivity at the boundaries between each blocking 
region and its corresponding out-band req'ton and zero area become more acute, thereby improving the blocking char- 
acteristic. 

In the band-pass filter of the present invention, since a boundary area in which the changing width of refractive 
so index monotonously changes is disposed between a periodic refractive index variable area and a zero area, transmis- 
sion loss within the transmission wavelength region can be improved. Also, an end area in which the changing width of 
refractive index monotonously changes is disposed at each end portion of the filter, reflected light can be restrained 
from occurring in regions outside of the band. 

In the method of making a band-pass filter in accordance with the present invention, the band-pass filter having a 
55 desired characteristic can be made easily and accurately. 

This band-pass filter can be favorably used for the purpose of extracting individual signal light components from 
within a transmission line effecting wavelength division multiplexing transmission, and the like. Since the separation per- 
formance is particularly improved in the band-pass filter of the present invention, a transmission line using the band- 
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pass fitter of the present invention can shorten the wavelength distance between adjacent signals jn the multiplexing 
transmission, thus allowing the number of transmission channels for the multiplexing transmission to increase. 

From the invention thus described, it will be obvious that the embodiments of the invention may be varied in many 
ways. Such variations are not to be regarded as a departure from the spirit and scope of the invention, and all such 
modifications as would be obvious to one skilled in the art are intended for inclusion within the scope of the following 
claims 

Claims 

1. A diffraction grating type band-pass filter in which a diffraction grating area having a periodic refractive index 
change along an axial direction is formed within an optical waveguide and is adjusted so as to transmit there- 
through light in a predetermined wavelength band; 

said diffraction grating area comprising a plurality of areas divided in an optical axis direction and having: 
first and second periodic refractive index variable areas in which refractive index is varied with a period monot- 
onously changing along the axial direction with substantially a constant changing width of An so as to form a 
plurality of diffraction gratings, the shortest period of one area being longer than the longest period of the other; 
a zero area, disposed between said first and second periodic refractive index variable areas, having substan- 
tially a constant refractive index; and 

first and second boundary areas, respectively disposed between said zero area and said first and second peri- 
odic variable refractive index areas, in which the changing width of refractive index continuously and monoto- 
nously changes between An and 0. 

2. A diffraction grating type band-pass filter according to claim 1 , wherein, assuming that the length of each of said 
first and second boundary areas in their axial direction is L the changing width of refractive index at a given position 
in said boundary area separated by a distance of x from a boundary position with respect to said zero area is 
expressed by An • f(x) using a given function f(x) which satisfies f(0) « 0 and f(L) = 1 , said function monotonously 
smoothly increasing from x » 0 to L 

3. A diffraction grating type band-pass filter according to claim 2, wherein said given function f(x) is a function having 
an inflexion point within the range of U2 £ x < L 

4. A diffraction grating type band-pass filter according to claim 3, wherein said given function f(x) is a function repre- 
sented by the following expression; 

f(x>)=co$ 2 (n(L-x)f2L) 

5. A diffraction grating type band-pass filter according to claim 1, wherein said diffraction grating area further com- 
prises, respectively outside said first and second periodic refractive index variable areas, first and second end 
areas in which the changing width of refractive index monotonously changes between An and 0. 

6. A diffraction grating type band-pass filter according to claim 1 , wherein, assuming that a rate by which Bragg wave- 
length, determined by a period of said diffraction grating, changes per unit axial length is AP (nm/mm), a blocking 
ratio defined by a ratio of transmitted power to incident power in said refractive index variable areas satisfies the 
following expression: 

-3.67x(An) 2 x10 6 /AP£-10(dB) 

7. A method of making a diffraction grating type band-pass filter, comprising the step of forming a diffraction grating 
by projecting ultraviolet light by way of a phase mask having a predetermined form onto a ultraviolet -sensitive opti- 
cal waveguide so as to cast an interference fringe thereon, 

said interference fringe being projected by irradiating a ultraviolet beam while scanning said ultraviolet beam 
along an optical axis of said optical waveguide; said scanning being effected at a constant speed of v 1 in a first 
area, with a speed monotonously accelerating from v, to v 2 in a second area continuous from said first area, 
at a constant speed of v 2 in a third area continuous with said second area, with a speed monotonously decel- 
erating from v 2 to v t in a fourth area continuous with said third area, and again at said constant speed of v t in 
a fifth area continuous with said fourth area. 
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8. A method of making a diffraction grating type band-pass filter according to claim 7, wh rein, acceleration and 
deceleration of the scanning speed are carried out in conformity to a cos function, respectively. 

9. A method of making a diffraction grating type band-pass filter according to claim 7, wherein scanning is carried out 
such that, while a spectral characteristic of light transmitted through said optical waveguide is monitored, subse- 
quent to a first ultraviolet beam scanning operation, a second or later ultraviolet beam scanning operation is 
effected at each point with a scanning speed obtained when a scanning speed at said point upon the previous 
scanning operation is multiplied by a predetermined coefficient, and said scanning is terminated at a point of time 
when said spectral characteristic of said transmitted light reaches a desired spectral characteristic. 

10. A method of making a diffraction grating type band-pass filter according to claim 9, wherein, acceleration and 
deceleration of the scanning speed are carried out in conformity to a cos function, respectively. 

11 . A method of making a diffraction grating type band-pass filter according to claim 7, wherein said scanning is carried 
out such as to monotonously decelerate from a predetermined speed v 3 to v-, in an area precedent to said first 
area, and monotonously accelerate from vl to v3 in an area subsequent to said fifth area. 

12. A method of making a diffraction grating type band-pass filter according to claim 11, wherein, acceleration and 
deceleration of the scanning speed are carried out in conformity to a cos 2 function, respectively. 

13. A method of making a diffraction grating type band-pass filter according to claim 1 1, wherein scanning is carried 
out such that, while a spectral characteristic of light transmitted through said optical waveguide is monitored, sub- 
sequent to a first ultraviolet beam scanning operation, a second or later ultraviolet beam scanning operation is 
effected at each point with a scanning speed obtained when a scanning speed at said point upon the previous 
scanning operation is multiplied by a predetermined coefficient, and said scanning is terminated at a point of time 
when said spectral characteristic of said transmitted light reaches a desired spectral characteristic. 

14. A method of making a diffraction grating type band-pass filter according to claim 13, wherein, acceleration and 
deceleration of the scanning speed are carried out in conformity to a cos function, respectively 
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Fig.11A 
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Fig.11C 



— TRANSMISSION 

— REFLECTION 



B s 0.02dB B L 




1600 1610 1620 1630 1640 1650 1660 1670 
WAVELENGTH (ran) 



22 



EP0 893 712 A2 



Fig.12 
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Fig.15 
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Fig. 17 
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Fig.18A 
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Fig. 22 
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Fig.24 
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Fig. 25 
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